Genetic variation is prevalent among individuals of the same species and yet the potential effects of genetic variation on developmental outcomes are frequently suppressed. Understanding the mechanisms that are responsible for this suppression is an important goal. Previously, we had found that the microRNA miR-9a mitigates the impact of natural genetic variants that promote the development of scutellar bristles in adult Drosophila. Here we find that, contrary to expectation, miR-9a does not affect the impact of genetic variants that inhibit the development of scutellar bristles. We show this using both directional and stabilizing selection in the laboratory. This specificity of action suggests that miR-9a does not interact with all functional classes of developmental genetic variants affecting sensory organ development. We also investigate the impact of miR9a on a fitness trait, which is adult viability. At elevated physiological temperatures, miR-9a contributes to viability through masking genetic variants that hinder adult viability. We conclude that miR-9a activity in different developmental networks contributes to suppression of natural variants from perturbing development.
INTRODUCTION
Organisms are subject to conditions of genetic variation, and yet their morphological development is often robust to such challenges. Hence, developmental outcomes are rendered uniform even in the face of variable conditions of existence. The relationship between this developmental robustness and phenotypic variation in natural populations has long been remarked upon, and Waddington coined the word canalization to describe the process (WADDINGTON 1942) . As development becomes more robust, less phenotypic variation is observed amongst individuals in a population (SCHARLOO 1991; DE VISSER et al. 2003; SIEGAL AND LEU 2014) .
This has implications not only for the relationship between genotype and phenotype, but also for evolution (GIBSON AND WAGNER 2000; GIBSON AND DWORKIN 2004; WAGNER 2012) . In one sense, robustness inhibits evolvability since it suppresses the phenotypic variation that selection acts upon. However, when a phenotype is robust to the effects of mutations, then genetic variation can potentially accumulate in a neutral state. This might permit a broad set of connected genotypes to express the same phenotype (WAGNER 2012) . Later, if canalization is impaired, the effects of the previously cryptic genetic variation are revealed as phenotypic variability. These can be subject to selection, thus enhancing evolvability.
Morphological variation is a consequence of variable development between individuals. Development in turn, is the complex outcome of dynamic interactions between regulatory molecules. Developmental dynamics have been successfully simulated by biochemical reaction network models, which vary in size, topology, and circuit composition and depend upon the specific developmental process, tissue-type, and species (KITANO 2004; STATHOPOULOS AND LEVINE 2005; WUNDERLICH AND DEPACE 2011) . Studies have found that network architecture strongly affects how robustly the networks behave in the face of either mutation or stochastic noise (VON DASSOW et al. 2000; CILIBERTI et al. 2007; HINTZE AND ADAMI 2008; CHALANCON et al. 2012) . Several features of biochemical networks imbue them with more or less robustness. Biochemical networks are scalefree, and model simulation suggests that most components of scale-free networks individually contribute to robustness (BERGMAN AND SIEGAL 2003; BARABASI AND OLTVAI 2004) . Certain types of circuits acting within a network are also thought to impart robustness to connected regions of the network. Redundant circuits using either paralogous or functional duplication are one such class (IHMELS et al. 2007 ; PAYNE AND WAGNER 2014).
Feedback and feedforward loops are other such circuits. These circuits are over-represented within biochemical networks and can isolate variation in upstream events from downstream events (STELLING et al. 2004; HART AND ALON 2013) . Experimental and modeling studies have found examples of such circuits providing network robustness to environmental and stochastic variation (ALON et al. 1999; GOENTORO et al. 2009; OSELLA et al. 2011) . Finally, networks may contain molecules whose exclusive function is to broadly impart developmental robustness (RUTHERFORD AND LINDQUIST 1998).
Efforts to systematically test the impact of gene loss under highly controlled laboratory conditions have suggested that a majority of genes have modest effects on development, even in complex animals (GIAEVER et al. 2002; KAMATH et al. 2003; DIETZL et al. 2007 ). This fact raises the intriguing question of whether the molecular products of such genes play a primary role in robustness. An impediment to addressing this question is the difficulty in experimentally quantitating robustness. One approach has been to quantitate developmental variation under conditions lacking the molecule in question (LEVY AND SIEGAL 2008) . Another approach has been to measure the effect of genetic variation on phenotypic variation under conditions in which the molecule in question is impaired. This latter approach has successfully been applied in a number of systems (WADDINGTON 1953; RENDEL 1959; RUTHERFORD AND LINDQUIST 1998; QUEITSCH et al. 2002; FRANKEL et al. 2010) . From these studies, clearly a significant number of genes have effects on developmental robustness.
One gene in Drosophila melanogaster that affects robustness is mir-9a. Flies lacking mir-9a
sporadically develop extra sensory bristles on the adult thorax, but otherwise, mir-9a mutants are viable and fertile (LI et al. 2006) . Nevertheless, the miR-9a microRNA (miRNA) sequence is 100% conserved between Drosophila species divergent over 45 million years (CLARK et al. 2007) . The miRNA directly regulates expression of a gene called senseless (sens), whose protein product is a transcriptional determinant for thoracic bristle development (LI et al. 2006) . This regulation occurs through base-pairing interactions between miR-9a RNA and the 3' UTR of sens mRNA. Mutation of the miR-9a binding sites in the sens gene also produces bristle variation but is otherwise viable (CASSIDY et al. 2013) . However, the 18-nucleotide binding site sequence is 100% conserved within the sens mRNAs of Drosophila species divergent over 45 million years.
Thus, miR-9a and its regulation of sens expression are highly conserved and yet are largely dispensable for Drosophila development and viability in the laboratory.
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The miR-9a/Sens circuit is a small part of a gene regulatory network associated with thoracic bristle development (Fig. 1A) . In the late larval/early pupal stages, the achaete and scute genes are transiently expressed in small clusters of cells from which one or two sensory organ precursors (SOPs) are singled out (QUAN AND HASSAN 2005) . SOPs produce high levels of Achaete/Scute proteins, which transcriptionally activate the sens gene (NOLO et al. 2000; JAFAR-NEJAD et al. 2003) . Sens along with other transcription factors then specify the differentiated fates of SOP progeny, and from these a sensory bristle is formed (ACAR et al. 2006) . Several lines of evidence indicate that the miR-9a/Sens circuit contributes to the robustness of bristle development. First, mutation of miR-9a binding sites in the sens mRNA does not significantly change the average bristle number but does strongly enhance variation in the bristle phenotype (CASSIDY et al. 2013) .
Second, the impact of standing genetic variation on bristle phenotype variation is suppressed by miR-9a regulation of sens (CASSIDY et al. 2013) . Selection for individuals with above-average bristle numbers leads to a measureable response in the form of realized heritability. This heritability is significantly greater when miR-9a abundance is reduced or its interaction with sens is impaired. Overall, it suggests that the miR-9a/Sens circuit within the bristle development network contributes to robustness against genetic variation.
Although miR-9a suppresses the effect of variants that promote bristle development, we still do not know if miR-9a also suppresses variants that inhibit bristle development. Both types of variants co-exist within Drosophila genomes, as it is possible to select for individuals with more or fewer bristles than normal and change population means accordingly. An additional unresolved question is whether miR-9a affects phenotypic robustness given genetic variation's influence of other traits, either morphological or fitness-related. Here, we explore both of these issues using artificial selection and genetics of outbred populations to better understand how miR-9a interacts with natural genetic variation during developmental processes.
MATERIALS AND METHODS
Strains for bristle selection experiments. The sc 1 mir-9a strains used in bristle selection experiments were identical to the A and B strains previously described (CASSIDY et al. 2013) . The A strains are more inbred than the B strains. Each strain was divided into two replicate populations, thus yielding a total of 7 four replicates for the one-copy strains, and four replicates for the two-copy strains. Replicates 1 and 2 derived from the A strains, and replicates 3 and 4 derived from the B strains. These replicate populations were identical to the ones previously described (CASSIDY et al. 2013) .
Down-selection of bristle phenotypes.
Replicate populations 1 and 2 were subjected to selection for individuals with the fewest number of scutellar bristles. During selection, 100 males and 100 females were scored and ranked according to bristle number at each generation. The 50 males and 50 females with the lowest number of bristles were selected to propagate the next generation. Males and females were independently ranked for bristles during selection, since gender influences the sc 1 phenotype. Selection was repeated for 15 generations. Culture conditions for the selection experiment were as described previously (CASSIDY et al. 2013) .
To quantify the realized heritability h 2 , mean bristle number was calculated for females of the appropriate genotype in a replicate population at each generation of selection. These means were plotted against the selection differential cumulating each generation. The realized heritability was estimated from linear regression of mean bristle number on the cumulated differential since the slope of the best-fit regression line is an averaged estimate of the narrow-sense heritability (FALCONER AND MACKAY 1996) . The SAS procedure PROC MIXED was used to perform mixed multivariate linear regression analysis using a model with replicates, genotypes, and gender as discrete variables. If analysis supported the null hypothesis that the coefficients/intercepts were the same for replicates of the same genotype, observations were pooled from those replicates. Heteroscedastic error of the bristle mean estimates required the application of a weighted least-squares regression. The slope of the best-fit line was computed using a weighted least squares method, the weight being the inverse of the estimated variance of each datapoint (FRODESEN et al. 1979; STRUTZ 2010) .
Standard error of the slope was also calculated. Z-tests were applied to compare one slope to another.
Median-selection of bristle phenotypes. Replicate populations 1 through 4 have a median bristle phenotype of two bristles in females and one bristle in males. These populations were subjected to selection for females with two scutellar bristles and males with one scutellar bristle. At each generation, 100 males and 100 females were scored and ranked according to bristle number. 50 males with one bristle and 50 females with two bristles were selected. If a complement of 50 could not be achieved, animals with one more and less 8 bristle were selected in order to bring the number of animals in each gender to 50. Selection was repeated for 15 generations. Culture conditions for the selection experiment were as described previously (CASSIDY et al. 2013 had eclosed. The number of eclosed animals was tabulated, and 20 individuals of each gender were randomly selected for the next round of selection. This procedure was repeated for 7 -10 generations.
Heritability of penetrance. The proportion of any population that had a given phenotype(s) was calculated as a fraction of the whole. This penetrance,
ܲ
, was within the range 0 to 1. During a selection experiment, the parental population was assigned two penetrance values:
ܲ was the penetrance for the entire group that had been phenotypically scored, and this data using a model with replicates, genotypes, and gender as discrete variables. Data from different genders could not be pooled because the phenotypic penetrance differed between males and females. Hence, we focused analysis on female data only. If analysis supported the null hypothesis that the coefficients were the same for replicates of the same genotype, observations were pooled from replicates. Least squares regression analysis provided an estimate of the slope and its standard error. We used these as point and uncertainty estimates for
Broad-sense heritability. Lines of a defined mir-9a genotype were grown in bottles that were not crowded at 23°C. From these, replicate groups of 50 female adults in each group were assayed for scutellar bristle number and thorax length. Thorax length was measured by photographing animals beside a standard scale and using PhotoShop CS (Adobe) tools to compare thorax lengths to the scale. For viability assays, replicate groups of 20 males and 20 females were mated in egg-laying cages for three days at 23°C, allowed to lay eggs on a fresh plate for five hours, and then the counted eggs were incubated at 29°C in a bottle. After eclosion was completed, all adults were counted and scored for scutellar bristle number. The ratio of adult number to egg number was used as the estimate for viability.
The within-line and between-line components of phenotypic variance were estimated by one-way ANOVA with the set of eight lines, and heritability was calculated as:
are between-line and within-line variances, respectively. These parameters were estimated using the aov routine in R. To obtain interval estimates for these parameters, we implemented a bootstrapping routine in which 1000 ANOVAs were iteratively performed with 70% of the data randomly selected for each ANOVA, performing data resampling with replacement.
RESULTS
Loss of miR-9a results in variable numbers of sensory bristles on the Drosophila adult scutellum (LI et al. 2006) . Wild-type individuals almost always have four scutellar bristles; a number that is preserved in the fossil record dating back 40 million years (SIMPSON et al. 1999) . However, populations transmit a heritable tendency for their offspring to have a different average bristle number if they are subjected to directional selection for above-average or below-average bristle numbers (PAYNE 1918) (Fig. S1 ). When selection is repeated generation after generation and the population progressively evolves, the rate of phenotypic change approximates the contribution of genetic diversity on the variation of bristle number. In a prior study, we carried out artificial selection on Drosophila strains bearing either one or two copies of the intact mir-9a gene (CASSIDY et al. 2013) . All strains additionally carried a hypomorphic mutation in the scute (sc) gene in order to generate greater baseline phenotypic diversity (Fig. S2 ). Classic investigations found that the phenotypic response of sc populations begins almost immediately after initiating selection, and the initial response rate is consistent over many generations of selection (RENDEL 1959; RENDEL et al. 1965) . In contrast, the initial response to selection of natural populations is frequently delayed, and the response greatly fluctuates in strength over the course of selection (PAYNE 1918; SISMANIDIS 1942; FRASER et al. 1965 ). Since we wanted to precisely estimate the heritable response to selection over 15 generations, we included sc 1 in all strains. For each strain, we maintained replicate populations at constant effective population sizes (N e =100) at uniform temperature (23°C), to minimize the effects of inbreeding and environmental stress on the bristle phenotype. In our prior study, we selected individuals who had the greatest number of scutellar bristles (above the 50th percentile) and allowed these individuals to sire the next generation (Fig. S3 ). This selection was independently repeated for each replicate population and each strain (CASSIDY et al. 2013 ).
mir-9a reduction does not enhance the response to selection for below-average phenotypes. To estimate the proportion of phenotypic variation that is attributable to additive effects of each population's genetic diversity, we calculated the realized heritability (h 2 ) (Fig. S4 ). h 2 is 1 when genetic diversity perfectly dictates the observed phenotypic variation. h 2 is 0 when genetic diversity fails to affect phenotypic variation.
We selected for individuals with more bristles in our previous study (CASSIDY et al. 2013) , and we found that h 2 was two-to three-fold greater in the one-copy strain compared to the two-copy strain of mir-9a (Fig. 1B) . In the present study, we conducted additional selection experiments with the identical mir-9a strains, this time selecting for individuals who had the fewest number of bristles (below the 50th percentile). This selection was performed for 15 generations on two replicate populations per strain. We quantified the response in average bristle number as a function of the cumulative selection pressure over the generations of selection. The response was proportional to the cumulative selection pressure, and the slope of the fitted regression line -the realized heritability (h 2 ) -was modeled (Fig. 1C) . Strikingly, we observed no increase in h 2 for the strain with one copy of the mir-9a gene compared to the strain with two copies of mir-9a (Fig. 1D) . Indeed, one replicate showed a reduction in h 2 with one copy of mir-9a. Since standing genetic variation was virtually identical between the one-and two-copy mir-9a strains in both up-and down-selection experiments (CASSIDY et al. 2013 ), our results imply that the mir-9a gene asymmetrically suppresses the impact of genetic diversity on bristle number variation. It masks the genetic diversity that promotes bristle number but not the diversity that inhibits bristle number.
miR-9a asymmetrically affects response to median-selection. The selection experiments relied upon detecting variant effects by directional selection for phenotypic extremes: the most or fewest numbers of bristles. A limitation to these experiments is that the differences in observed heritability might be due to population-specific effects since our different selection regimes were carried out on separate populations. An alternative method to detect variant effects is to select away the phenotypic extremes by breeding individuals that have the population's median phenotype (Fig. S1 ). Other groups have successfully practiced medianselection regimes upon sc populations, and indeed, selection for a median or average phenotype causes a reduction in the frequency of non-average phenotypes (RENDEL 1959; RENDEL 1967 ). An advantage to this approach is that one can simultaneously compare the below-median with above-median response rates during median-selection. Both below-and above-median phenotypes should decrease in frequency, but their relative response rates may differ.
In the sc 1 sensitized background, both mir-9a strains had a relatively broad distribution of bristle phenotypes with most females having two scutellar bristles ( Fig. 2A) . Each mir-9a strain was divided into four replicate populations, and each population was independently subjected to median-selection. Selection was conducted in a way so as to stabilize bristle number at the median values of two in females and one in males.
Each generation, we genotyped and scored bristle numbers for 100 females and 100 males in each population.
This was labeled the total group. From this group, we selected 50 females with two bristles and 50 males with one bristle. This was labeled the selected group. If a total of 50 of either gender did not have the desired
phenotype, approximately the same number of individuals with one additional or fewer bristle was 13 supplemented to bring the selected group size to 50. The selected group was allowed to generate offspring, who were then genotyped, scored, and median-selected. This was repeated for 15 generations.
The response to median-selection was examined for all strains. We could not calculate the realized heritability h 2 in the usual sense because the average bristle number was practically identical between the total and selected groups. Rather, the major difference between the total and selected groups was in the penetrance of the median phenotype (α and β in Fig. 2B ). The difference in penetrance between the selected and total groups (β -α ), was used as the selection differential for each generation (Fig. 2B) . We plotted penetrance of the median phenotype as a function of the cumulative selection differential. Since regressions for each replicate of the two-copy strain were not significantly different from one another, we pooled the replicates and performed linear regression (Fig. 2C) . The slope of the regression for the two-copy strain was statistically equal to zero (p = .097, F-statistic 2.21 (3,56)), with a moderate correlation coefficient (R 2 = 0.523).
We analyzed the one-copy mir-9a strain's responses in the same way, although in this case, replicates 1 and 2
were pooled separately from replicates 3 and 4, since the slopes of their multiple linear regressions differed from one another (Fig. 2D) . However, for both pooled datasets, the slopes of the regressions were significantly greater than zero (p = .0012 for replicates 1 and 2 (F-statistic 12.97 (1,28)), p < .0001 for replicates 3 and 4 (Fstatistic 65.94 (1,28))). Correlation coefficients (R 2 ) were 0.344 and 0.711, respectively, with our models suggesting a positive correlation between the frequency of individuals expressing the median phenotype and the selection for these individuals. Thus, the one-copy strain showed evidence of response to selection for the median phenotype.
The slopes of the linear regressions were not equivalent to realized heritability (h 2 ) because we were not measuring the average phenotype. We measured the penetrance of a particular phenotype within each population. Thus, the regression slopes modeled during median-selection are estimates of how heritable the penetrance of the median phenotype was during artificial selection (Fig. 3A) . We suggest this correlation should be represented as the heritability of penetrance (h p ). In theoretical terms, h p is a unique manifestation of the relationship between genetic variation and phenotypic variation, autonomous from h 2 . However, to further validate the utility of h p , we estimated h p for above-median phenotypes (>2 bristles) in strains that had undergone selection for greater bristle numbers (Fig. S5A,B) . We found that h p of the one-copy mir-9a strain was approximately three-fold greater than the h p of the two-copy strain (Fig. 3B) . This difference was similar in magnitude to the difference in h 2 between strains (Fig. 1B) . We also estimated h p for below-median phenotypes (<2 bristles) in strains that had undergone selection for fewer bristles (Fig. S5C,D) . h p values of the one-and two-copy strains were not significantly different from one another (Fig. 3C) , consistent with what we observed with h 2 in these strains (Fig. 1D) . Thus, we conclude that for the scutellar bristle trait, h p is an acceptable measure of phenotypic heritability.
We wanted to know whether median-selection caused a heritable change in the penetrance of below-or above-median phenotypes. Therefore, we calculated h p values for the below-median phenotype during median-selection (Fig. S6) . The two-copy strain had weakly positive h p values whereas the one-copy strain had h p values that were significantly greater (Fig. 3D ). This indicates that reducing mir-9a copy number enhanced the response to increase bristle numbers towards the median. We also calculated h p values for the abovemedian phenotype during median-selection (Fig. S6 ). Both one-and two-copy strains had comparable h p values, and these were not significantly different from zero (p > 0.06) (Fig. 3E) . Thus, median-selection did not cause a response to decrease bristle numbers towards the median. Overall, the results of the median-selection experiment are consistent with the results of our directional selection experiments. Reduction in copy number of mir-9a enhanced evolvability to increase bristle numbers but had no effect on evolvability to decrease bristle numbers.
miR-9a suppresses broad-sense heritability of bristle variation. The previous experiments measured bristle phenotype heritability in sc populations, comparing a sc strain with one mir-9a copy to a sc strain with two copies. Although we detected heritability differences between strains, it is possible that these differences are only apparent in a sc background. In other words, perhaps miR-9a only affects the impact of genetic diversity when sc gene function is also impaired. Therefore, we wanted to measure heritability in a sc + background but we faced the earlier mentioned conundrum of using artificial selection: phenotypic robustness homogenizes a population to the point that there is nothing to select. Another method to measure the contribution of genetic diversity to a phenotype is to estimate the broad-sense heritability. It integrates the disparate genetic contributions to a population's phenotypic variation, including additive, dominant, epistatic, and paternal/maternal effects (FALCONER AND MACKAY 1996) . Broad-sense heritability has the advantage over realized heritability in that it can be estimated without the need for artificial selection. Thus, we endeavored to measure broad-sense heritability in sc + strains having a complete loss of mir-9a to see if miR-9a suppresses the impact of genetic variation in this context.
Various methods exist to measure broad-sense heritability in animals (LUSH 1949) . One approach is to isolate groups of a few individuals from a large and highly outbred population, and use these groups as founders for new lines. The members of these new lines consequently have more limited genetic variation when compared to the very outbred original population. If a series of such genetically bottlenecked lines are founded in parallel, then members of any one line are generally less genetically related to members of other lines than they are to members of the same line (Fig. 4A ). This setup facilitates efficient parsing of within-line variance from the between-line variance. To begin, we created a large number of outbred populations that were heterozygous and segregating mir-9a. This was done by crossing two different mir-9a mutant stocks pairwise to 38 different wildtype Drosophila melanogaster stocks collected from around the world. The 76 populations were then allowed to hybridize for two years to blend their genomes via recombination. The dominant marker associated with the mutant mir-9a allele enabled us to retain the population's heterozygosity during this long-term hybridization procedure. Next, we derived eight parallel lines from the heterozygous outbred populations, and each line was founded by a smaller number of individuals (Fig. 4A ). These derived lines were maintained for six months all the while segregating mir-9a in a continual heterozygous condition.
Since the mutant mir-9a allele was heterozygous in the derived lines, each generation also produced homozygous wildtype and null siblings. This facilitated the establishment of matched homozygous wildtype and null mutant sub-lines from each heterozygous line. We scored the mean bristle number in each genotypically matched sub-line. There was significant variation in bristle number between the eight lines, and this variation was preserved between the matched wildtype and null mutant sub-lines (R 2 = 0.31) (Fig. 4B) . Mutant sub-lines always had more bristles than matched wildtype sub-lines (p = 1.9 x 10 -6 , two tailed t-test). Bristle variation was also higher comparing between mutant sub-lines (Fig. S7A) .
To gauge the specificity of these effects, we measured adult thorax length, a quantitative trait known to have an underlying genetic component (REEVE AND ROBERTSON 1953; EWING 1961) . Prior studies suggested a role for miR-9a in body length determination (SUH et al. 2015) . We observed that the eight lines had differences in average thorax length, and this variation was preserved between matched wildtype and null mutant sub-lines (R 2 = 0.48) (Fig. 4C) . Bristle number was uncorrelated with thorax length for either wildtype (p = 0.30, Spearman's correlation) or mutant sub-lines (p = 0.28, Spearman's correlation) (Fig. 4D) . Importantly, no significant effect of mir-9a on thorax length was detected (p = 0.21, two tailed t-test), and inter-line variance was also unaffected for this trait (Fig. S7B ).
To better visualize potential correlations that might exist in the data, we performed principal component analysis. Each variable (mir-9a genotype, line, thorax length, and bristle number) was transformed onto a twodimensional graph composed of uncorrelated principal components (Fig. 4E) . Clustering of variables occurs if they strongly correlate with one another, and their graph position depends upon their correlation with the components. We observed that bristle number strongly correlated with mir-9a genotype, and thorax length strongly correlated with line. Thorax length and genotype were aligned with orthogonal components, which indicates that thorax length and mir-9a genotype were uncorrelated.
Broad-sense heritability was estimated using analysis of variance (ANOVA). Within-line variance was assumed to primarily represent the influence of environmental factors on the bristle phenotype, whereas between-line variance provided an approximation of the genetic variance in the original outbred population.
Since members of each line were not genetically identical, we could not precisely estimate their level of genetic relatedness. Thus, the within-line variance is caused by both environmental factors and some uncertain level of genetic variance, and each measure of broad-sense heritability using this approach is therefore an underestimate. We applied bootstrapping to assign a measure of the confidence intervals to broad-sense heritability estimates. Bristle number broad-sense heritability was significantly greater in the mir-9a null mutant than in wildtype (P < .0001, Mann Whitney U test) (Fig. 5A ). In contrast, thorax length broad-sense heritability was no greater in the mir-9a null mutant than in wildtype (Fig. 5B ). Our conclusion from these results is that the mir-9a gene specifically mitigates the effect of genetic diversity found in outbred populations on bristle number.
miR-9a suppresses the impact of genetic variation on viability.
We found that the eight mir-9a null mutant sub-lines were viable and fertile at 23°C (data not shown), as had been previously observed for the original mutant stocks (LI et al. 2006) . However, if the mutant sub-lines were raised at 29°C, there was a significant decrease in viability when compared to the matched wildtype sub-lines (Fig. 5C) (Fig. 5D ). This result suggests that the genetic variants affecting bristle number do not significantly overlap with the variants affecting viability at an elevated temperature.
To determine if the mir-9a gene modulates the effect of genetic variation on viability at 29°C, we calculated the broad-sense heritability for the mir-9a null mutant and wildtype sub-lines (Fig. 5E ). The mutant broad-sense heritability was greater than the wildtype value, which is consistent with the prediction that mir-9a
suppresses the impact of genetic diversity on variation in viability (Fig. 5E ). The result's interpretation is clouded by a property of the viability trait, which has a simple binomial outcome; either the individual is dead or alive. This severely limits the resolution of variance between individuals. For this reason, we assayed groups of individuals for their average viability, and used these group averages as observations for variance analysis.
Since members of these groups are not genetically identical, our use of averages reduces the estimation of the true within-line variance between individuals. Therefore, we sought an independent method to estimate heritability of viability, and we undertook an artificial selection experiment.
Our goal was to take a single line, reiteratively select for survival at 29°C, and determine if its average viability improved with selection. To accomplish this goal, we needed a line that had sufficient lethality for there to be a differential between the selected individuals and the group as a whole. Line two was noteworthy in that its wildtype sub-line had the lowest viability of the eight wildtype sub-lines, but its viability was still two-fold greater than the viability of its paired null mutant sub-line (Fig. 5C ). Therefore, we established five breeding replicate groups for each wildtype and mutant sub-line of line two. A breeding group of 40 males and females
(1:1) was selected for each replicate. These animals were mated at 23°C, and the laid eggs were counted. The eggs were transferred to 29°C, and progeny that hatched from the eggs were raised at this temperature until eclosion. To estimate viability, the number of adult progeny was counted and compared to the number of eggs laid. A group of 40 viable adults were selected to breed the next generation. Since the adults selected for the next round of breeding were 100% viable, the difference between their perfect viability and the average viability of their generation was estimated to be the selection differential for the trait. Breeding and selection were repeated for at least seven generations.
We plotted the viability of each replicate at each generation as a function of the cumulative selection differential. Linear regression of replicates found that the slopes of replicate regressions were not significantly different. Therefore, we pooled the replicate data and performed regression analysis (Fig. 6A) . Viability of the wildtype sub-line showed almost no correlation with selection pressure (R 2 = 0.009). The slope of this linear regression model, a measure of h p , was not statistically different from zero (Fig. 6B) . In contrast, the mir-9a null mutant sub-line showed a positive correlation between viability and selection pressure (R 2 = 0.333), and its h p was significantly greater than zero (p < .001; Fig. 6B ). Comparison of the wildtype and mutant h p values showed that they were significantly different from one another (p = 0.01). Thus, selection for viability generated a stronger heritable response when miR-9a was completely missing.
A more straightforward alternative method to estimate heritability is to measure the correlation in phenotype between parents and their offspring (LYNCH AND WALSH 1998). We applied this method to parents and their offspring over seven generations in replicate wildtype and mutant sub-lines. Strikingly, regression of wildtype parent-offspring viability was very weak (R 2 = 0.0145) whereas regression of mir-9a null mutant parent-offspring viability was much greater (R 2 = 0.4629) (Fig. 6C ). This result is consistent with our other analytical results, indicating that the mir-9a gene helps suppress genetic variation capable of affecting viability at elevated temperature.
DISCUSSION
Certain traits such as scutellar bristle number tend toward a narrow range of values. Two mechanisms are possible to reinforce a narrow phenotypic range despite a broad distribution of genotypes in a population.
Genetic variants that produce extreme phenotypes might reduce overall organismal fitness, which would enable selection against these variants. Such selection has been referred to as stabilizing selection (GIBSON AND WAGNER 2000) . Alternatively, development could be hard-wired to prevent such genetic variants from eliciting their native effects. This latter mechanism has advantages over the former. It allows deleterious 19 variants to accumulate in a neutral state that later might prove to have adaptive value under changing circumstances. Moreover, if many deleterious variants affect a trait, the latter mechanism would prevent the elimination of a sizable number of individuals carrying these variants, and would consequently favor population growth.
Here, we found that miR-9a is part of a hard-wired mechanism that mitigates the effects of genetic variants on bristle development. However, miR-9a does not interact with all variants that affect bristle development. It suppresses the genetic variants that make bristle formation more likely, but it does not suppress those genetic variants that make bristle formation less likely. Both classes of variants were detected in the experimental populations by selection, but miR-9a only affected one of those classes. This selectivity might be because of the regulatory circuit involving miR-9a. The miRNA represses expression of the Sens transcription factor, which promotes the development of a sensory bristle (NOLO et al. 2000) . Thus, the miR9a/Sens circuit makes bristle formation less likely, and its " sign" is opposite to those network circuits that promote bristle development. As such, the miR-9a/Sens circuit attenuates perturbations that act on upstream circuits and would otherwise make bristle formation more likely. Why does the miR-9a/Sens circuit not attenuate perturbations of the opposite sign? Certain network motifs known as feedforward loops can impart sign-sensitive robustness, dampening fluctuations in one direction and having no effect on fluctuations in the opposite direction (MANGAN AND ALON 2003) . If the miR-9a/Sens circuit is part of such a feedforward loop, perhaps this explains why miR-9a only suppresses genetic variants that promote bristle development. Although we do not know whether miR-9a acts in a feedforward loop with Sens, in general, miRNAs are common components of feedforward loops (TSANG et al. 2007 ).
Gene regulatory networks frequently contain factors such as miR-9a, whose absence has a minor effect on developmental phenotypes but nevertheless increases the penetrance of non-normal phenotypes.
This was apparent for both scutellar bristle development and adult viability in mir-9a mutants. We found that one underlying cause of the increased phenotypic variance in mir-9a mutants is the presence of genetic variation between individuals. This raises an intriguing question. Is miR-9a's exclusive function to suppress the impact of genetic variation on development? This is a very difficult question to answer with any certainty. The 20 reliability of biological networks is generally robust to minor perturbations; however, such robustness can be compromised when networks have been altered by loss of some network components (VON DASSOW et al. 2000; CILIBERTI et al. 2007) . Thus, it is difficult to distinguish whether miR-9a affects robustness as an indirect consequence of its network function or as a direct and specific function.
Stabilizing selection and network hard-wiring likely act in a mutually dependent manner to reduce phenotypic variation. If a network's wiring topology is changed, for example by loss of a component such as miR-9a, then stabilizing selection will act to cull deleterious genetic variants that confer non-normal phenotypes. This would remold the landscape of genetic variation, and a different set of variants would be neutralized by the rewired network. Indeed, mutant and wildtype yeast are equally capable of suppressing genetic variation, but the suppressed variants in one state are different from suppressed variants in the other state (RICHARDSON et al. 2013) . Classic experiments using directional selection of Drosophila sc mutants are also consistent with this hypothesis. Initially, sc mutants are responsive to selection to restore scutellar bristle number to its normal value of four, whereupon the mutants become robust against selection for more than four bristles (RENDEL 1959; RENDEL et al. 1965) . This would mean that molecules such as miR-9a do not constitutively suppress genetic variants that affect bristle development or viability. Rather, miR-9a could mold genetic variation into a landscape in which their impact is masked by hard-wiring for some but not all traits. If their unmasked effects are not deleterious, then fitness becomes optimized. Thus, robustness could be thought of as a means to shape the quality of variation rather than the general impact of variation. Comparison of one-and two-copy strains was performed by Z-tests (n.s., not significant). Each dot represents one variable, as labeled. 38.9% of total dataset variance is explained by principal component 1 and 28.7% is explained by principal component 2. Thus, the two components explain 67.6% of total data variance. Error bars are SEM. P-value is the result of a Z-test. 
